Abstract. Macropterous individuals of wing polymorphic semiaquatic bugs (Heteroptera: Gerromorpha) usually occur at a high frequency if there is a need to leave an unfavorable habitat or in a generation migrating to/from an overwintering site. Velia caprai (Veliidae) is usually found in unpredictable habitats, but the macropterous morph is rare. Laboratory, mesocosm and field experiments were used to test the hypothesis that individuals of this species migrate by walking rather than by flight. Laboratory experiments that focused on the development of macropterous morph under conditions that usually stimulate the development of this morph in water striders were unsuccessful. A high temperature shortened the duration of nymphal development, but no winged specimens of Velia caprai developed in the laboratory when reared under either high or low temperatures, long or short photoperiods or on the surface of water or wet filter paper. Mesocosm experiments with apterous adults revealed they are able to walk on land. Both the males and females dispersed by walking in semi-natural conditions. Long-term field experiments using mark and recapture confirmed that this species can disperse by walking. Apterous individuals can compensate for downstream drift by upstream terrestrial migration and colonize newly established pools and ditches even several tens of meters from source sites. The development of a macropterous morph in response to environmental factors is replaced by terrestrial dispersal in V. caprai.
INTRODUCTION
Most semi-aquatic bugs (Heteroptera: Gerromorpha) exhibit wing polymorphism, as many species have macropterous, brachypterous or apterous morphs (Andersen, 1982) . Both genetic and environmental factors determine the wing morph in semi-aquatic bugs (see Spence & Andersen, 1994) . Wing development is costly; so apterous individuals can allocate more energy to reproduction. Thus, apterous and brachypterous females usually have a higher fecundity than macropterous females (Roff & Fairbairn, 1991) . Macropterous individuals thus predominate only if they migrate between ephemeral habitats or to/from overwintering sites. Hence, a general model predicts predominant occurrence of apterous morphs in stable habitats and macropterous morphs in temporary habitats (Vepsäläinen, 1973) . In addition the overwintering generation in polyvoltine species is usually macropterous (Spence & Andersen, 1994 ; but see Muraji & Nakasuji, 1988) . Environmental factors affecting wing polymorphism are population density (e.g. Muraji & Nakasuji, 1988; Harada et al., 1997) , photoperiod (e.g. Muraji et al., 1989; Spence, 1989) , temperature (e.g. Pfenning et al., 2008) and food availability (e.g. Muraji et al., 1989; Pfenning et al., 2007) . Desiccation of the habitat prolongs development in Aquarius paludum, but does not affect wing polymorphism (Kishi et al., 2002) .
The water cricket, Velia caprai Tamanini, 1947 (Veliidae) , colonizes small forest streams, ditches and pools in most European countries (Wróblewski, 1980; Aukema & Rieger, 1995) . It is predominantly univoltine, but there is probably a second summer generation in warm areas (see e.g., Mielewczyk, 1980; Papá ek & Jandová, 2003; Ditrich & Papá ek, 2009 ). The forest streams occupied by V. caprai are unpredictable habitats as both beds of streams and water level vary during a season. Moreover, this species occupies ephemeral sites . The unpredictable nature of the habitat leads to the assumption that V. caprai is macropterous, or at least wing polymorphic. Indeed, this species is pterodimorphic with both macropterous and apterous morphs, but the macropterous morph is rare (Brinkhurst, 1959; Mielewczyk, 1980; Brönmark et al., 1985; Murray & Giller, 1991; Papá ek & Jandová, 2003) . In addition, macropterous adults of predominantly apterous/brachypterous species of Gerridae have a low flight tendency (Fairbairn & Butler, 1990) . Nevertheless, wingless specimens of V. caprai quickly colonize newly created water bodies, up to a hundred meters from the closest source (see below). In addition, forest streams inhabited by V. caprai frequently flood in spring, which probably results in occasional downstream drift. Insects living in similar habitats (mostly Ephemeroptera, Plecoptera and Trichoptera larvae) exhibit upstream dispersal, with adults flying upstream to compensate for the downstream drift of the larvae (Müller, 1982) . Upstream dispersal is thus also likely to occur in V. caprai. However, the almost complete absence of winged morphs in many populations of V. caprai makes the maintenance of populations in the upper parts of streams puzzling.
These facts lead to a hypothesis -V. caprai can disperse by walking, as it differs from other gerromorphan bugs in the way it walks. When on a water surface, Velia spp. moves by rowing (synchronous moving of middle legs); when on land, it moves like other terrestrial insects (Andersen, 1995) . If V. caprai disperses terrestrially, it has probably lost or has a reduced incidence of macropterous morphs in response to environmental factors.
Recent laboratory experiments carried out concurrently with this study indicate that V. caprai does not produce significantly more winged individuals when crowded during nymphal development. The effect of other environmental factors, which induce the development of winged specimens in other gerromorphan species, on the induction of wing morphs in V. caprai, is also determined in this paper. Terrestrial dispersal was studied in both the field and mesocosms. None of these three experiments was extensive. However, they provide a framework for studying terrestrial dispersal in V. caprai. The mesocosm experiments were designed to reveal whether this species is capable of terrestrial movement and the mark -recapture study to determine whether terrestrial dispersal occurs in nature. This study is thus a combination of three approaches, focused on one phenomenon. It does not examine how far, how often or what part of a population of V. caprai disperses terrestrially, but only if it disperses in this way.
MATERIAL AND METHODS

Laboratory experiments
The response of wing polymorphism to increased temperature, decreased photoperiod and substrate desiccation was determined in a laboratory experiment in spring 2007. This was done by rearing larvae in the following conditions: (i) high 23 ± 2°C or low 12 ± 2°C temperatures; (ii) long (16L: 8D) or short days (12L: 12D); (iii) normal or desiccated (nymphs reared on either a water surface or wet filter paper). The overwintering eggs used in the experiments were collected from moss growing along several streams in the Novohradské Hory Mts (Czech Republic). Eggs were kept at either (i) 23 ± 2°C or (ii) 12 ± 2°C on wet filter paper. The hatchling nymphs were reared in one of six different conditions: (i) high temperature, long day, on water (ii) high temperature, long day, on paper (iii) high temperature, short day, on water (iv) high temperature, short day, on paper (v) low temperature, long day, on water or (vi) low temperature, short day, on water. For each treatment, 20 first instar nymphs were placed in each of two plastic containers (33 × 11 × 13 cm). Wet filter paper was put at the bottom of the reared-on-paper treatment containers; other containers were filled with tap water to a depth of 2 cm. Nymphs were fed daily with frozen Drosophila melanogaster as follows: 1 fly per 1 st and 2 nd instar individual; 2 flies per 3 rd instar; 3 flies per 4 th instar and 4 flies per 5 th instar nymph. The containers were checked daily, exuviae and dead nymphs removed immediately and water changed twice a week.
Wing morph, sex and date of emergence of adults were recorded for all adults. As it was impossible to track every individual and accurately determine their rate of development, it was set as the number of days between mean date of of eclosion within the containers and that of imaginal ecdysis. The duration of nymphal development was analyzed using general linear models (factorial ANOVA between (i) temperature and photoperiod, and (ii) substrate and photoperiod effect). Mortality among treatments was compared using a generalized linear model (Wald test: binomial distribution, logit link function).
Mesocosm experiment
An experiment in semi-natural conditions was set up to determine whether and how quickly V. caprai is able to traverse at least several meters of terrestrial space by walking. The arena consisted of a cuboid made of hardboard (275 × 40 × 40 cm), but without a top, which when placed on the ground created a passage (275 cm long, 40 cm wide) with 40 cm high sides. One end (starting post) was closed and the bottom covered with sand (6-8 cm deep, area ca 1,000 cm 2 ) and the rest of the passage with moss (mostly Sphagnum spp. and Polytrichum spp.) and natural obstacles like branches and stones. A plastic container (60 × 40 × 35 cm) containing a 5 cm depth of water was placed at the open end (finish). This end was constructed so that the migrants would fall into the container and have no possibility of escaping. The arena was covered with gauze to prevent disturbance from outside and escape of bugs. The experiment was started in September 2008 with 50 specimens (sex-ratio 1 : 1) placed at a starting post (on the sand). The container of water at the end of the course was checked for individuals every 6 hours (except at night) for two days. Every bug could either aestivate/hide in the moss or under stones, or walk the length of the passage. Temperature and humidity were recorded using an EBI 20TH datalogger. The arena was moistened if the humidity in moss decreased below 85%. There were four replicates; all started at 8 a.m. The moss was changed before each replicate. Data were analyzed using survival analysis and the difference in the dispersal rate of the sexes compared using Gehan-Wilcoxon test.
Field experiment
A mark-recapture study was used to determine if terrestrial dispersal occurs under natural conditions. Two streams (A and B; width varying 30-130 cm, maximum depth ca 30 cm) in the Novohradské Hory Mts were chosen for this study in autumn 2007. The pronotum of individuals in a restricted (ca 5-7 m of the stream with natural rapids or minute downfalls upstream and downstream) subpopulation in every stream was each marked with a dot of coloured nail polish. A total of 134 specimens (86 on stream A, 48 stream B; all wingless) were marked in October 2007. Original sampling sites, other parts of the stream and ephemeral ditches and puddles close by were searched for marked specimens in spring, summer and autumn the following year. Terrestrial dispersal was classified as significant if a marked bug was found either (i) upstream from the sampling site (as dispersion on the water surface is impossible not only through rapids with relatively fast flowing water but also over a barrier like a natural weir) or (ii) on a ditch or puddle not connected with the original stream. Marked bugs were released immediately after recapture. Using a non-individual marking system it was not possible to distinguish a recaptured bug from one recaptured in the past at the same site. However, this method is sufficient for indicating if at least some individuals are capable of terrestrial dispersal.
RESULTS
Survival rate
There was a significant effect of temperature on mortality (Wald = 17.57, d.f. = 1, p < 10 -4 ): 63.75% (n = 80) and 28.75% (n = 160) of the nymphs completed their development at 12°C and 23°C, respectively. No effect of photoperiod was found (Wald = 0.04, d.f. = 1, p = 0.84) as survival was 40.83% (n = 120) under long day and 40% (n = 120) under short day conditions. A photoperiod and temperature interaction had not significant effect on mortality (Wald = 0.04, d.f. = 1, p = 0.85). Survival of nymphs reared on filter paper was 27.5% (n = 80) and did not differ significantly from that of nymphs reared on the water surface at the same temperature (30%, n = 80; Wald = 0.12, d.f. = 1, p = 0.73). The photoperiod and substrate interaction effect on mortality was also not significant (Wald = 0.49, d.f. = 1, p = 0.49).
Nymphal development rate
The overall sex ratio of the newly moulted adults was 46 : 51 (males : females). As there were no significant differences in the duration of nymphal development between the sexes (all treatments; t-test, t = 0.6, d.f. = 95, p = 0.55), these data were pooled. Temperature had a strong significant effect on the duration of nymphal development (Table 1 ). The mean duration at the high temperature was 26.37 days and 60.55 days at the low temperature (Table 2 ). Photoperiod and type of substrate had no significant effect on the duration of postembryonic development (Table 1) .
Wing morphs
All the adults were the commonly occurring apterous morph. Neither temperature, photoperiod nor desiccation induced the development of winged adults.
Mesocosm experiment
Most of the individuals (81% of males, 66% of females) passed through the passage within the first day. Almost all the individuals traversed the track in two days (90% of males and 95% of females). Most of the migrants arrived at the finish during the morning of both days (Fig.  1) . Dispersal rate of males and females differed significantly (survival analysis; Gehan-Wilcoxon test = -3.71, p = 0.0002). Males always arrived first at the finish, but the sex ratio of the migrants, that reached the finish after one day and two days, did not differ from the original 1 : 1 ( 2 = 1.53, d.f. = 1, p = 0.22; 2 = 0.14, d.f. = 1, p = 0.71; respectively).
Mark-recapture field experiment
Results of the field experiment are documented in Table 3 . The cases of evident terrestrial dispersal are as follows: Six of the marked specimens dispersed in 2007: stream A -three females and one male were found more than 20 m and 5 weirs upstream; stream B -one male and one female were found in a nearby puddle, ca 12 m airdistance from the original release site. Two females were found ca 15 m upstream. However, surface dispersal could not be excluded as the water was flowing relatively slowly over the weir between the release and recapture sites. Fifteen terrestrial dispersals of marked adults were recorded in the year 2008: stream A -seven individuals were found more than 20 m (5 weirs) upstream from their release site, one male was found in a nearby (ca 10 m) puddle in spring and summer. In addition, two females were found more than 45 m upstream and had either crossed a road (ca 1.6 m above the water surface) or passed through a pipe (ca 50 cm wide, 3 m long) with slippery sides against a continuous and relatively fast (15) (16) (17) (18) (19) (20) water -nymphs reared on water surface; paper -nymphs reared on wet filter paper; N -number of individuals that reached the adult stage, mean and S.D. of the duration of nymphal development in days. Fig. 1 . Kaplan-Meier plot of the cumulative percentage of males and females of V. caprai that dispersed over the course of the study. Data from all replicates were pooled; initial N is 100 males and 100 females. Black lines above hours denote nighttime and a cross the end of the experiment.
found in a pool created by a wind blown tree, ca 40 m from its release site. Two males were found ca 20 m upstream above rapids. The last two dispersals were recorded during autumn 2008 at stream A, where one more female crossed the road (see above) and one male was seen ca 40 m upstream above 7 weirs. These individuals, the same as four more marked (one male, three females) water crickets recaptured in the release sites were still active before overwintering a second time. One female at the release site was found in copula with an unmarked male in November 2008.
DISCUSSION AND CONCLUSIONS
High temperatures accelerate nymphal development and increase the percentage of macropterous adults in subpopulations of numerous water striders (see Spence & Anderson, 1994) . Rapid development and ability to fly are certainly advantageous for individuals inhabiting unstable habitats. This study also recorded a positive effect of increased temperature on the rate of nymphal development of a non-gerrid species, V. caprai. However, the environmental factors tested in the current experiments (photoperiod, temperature and desiccation of the habitat) and nymphal population density, tested by different experiments in a parallel study (see above), did not result in a significant increase in the percentage of winged adults in V. caprai. This species has probably lost or has little ability to produce a long-winged morph even in unfavorable conditions, although it lives in an unpredictable habitat. It appears that the ability to fly is not important for this species as it disperses in a different way. Indeed, apterous adults of water crickets are able to make at least a short journey over land in semi-natural conditions in the mesocosm. As the nymphs reared on wet filter paper were able to feed on fruit flies placed on the filter paper, adults are probably also able to attack and feed on prey on both land and water. Terrestrial dispersal occurs probably mainly at night. This may be an adaptation to avoid predators on land -nocturnal dispersal can decrease the probability of being seen and caught. Males begin to disperse earlier than females, but the effect of this difference diminishes during the course of a day.
Aquarius najas, a widespread European gerrid, is almost exclusively apterous in Northern Europe and with a higher frequency of winged specimens in Central Europe. This species shows symptoms of geographical variation in wing polymorphism. Ahlroth et al. (1999) found that wing polymorphism in this species is affected by environmental conditions, but assumed it is also partly genetically controlled. The overwintering mortality of apterous individuals is lower than that of macropterous ones. Long winged individuals, handicapped during overwintering in northern populations, have a dispersal advantage in the south. A mechanism for wing development is thus maintained in this species.
In contrast, there is a higher frequency of macropterous individuals in some northern populations of V. caprai than in the south (cf. Brönmark et al., 1985; Papá ek & Jandová, 2003) . In the case of terrestrial dispersal of apterous individuals in V. caprai, the macropterous individuals do not have a dispersal advantage, which could have resulted in a strong evolutionary reduction in the mechanism of wing development in this species. Because long-winged individuals are rare and appear infrequently in some populations, it is possible that wing polymorphism is under genetic control in this species.
Apterous adults of V. caprai were recorded dispersing, even in natural populations. Wingless water crickets appeared in water bodies isolated from "typical habitats" of this species, which they could only reach by walking over land. These water bodies do not serve only as "stepping stones" during dispersal. Field observations suggest that all the postembryonic stages of this species occur at such sites and they are suitable habitats for facultative reproduction, or at least oviposition. Results also suggest upstream dispersal, however; the migration behaviour of V. caprai needs to be studied in more detail. Nevertheless, recolonization of original sites or colonization of new sites (not only upstream) after predictable or unpredictable events (e.g., floods and/or natural downstream drift, etc.) is likely. Subsequent events to water crickets coming on land are: (1) short-term active period on land and return to the water surface, including upstream; (2) quiescent period on land (see Ditrich & Papá ek, 2009) and return, including upstream; (3) active period on land and/or a quiescent period and dispersal over land to other flowing or stable waters in the neighbourhood. An upstream dispersal, sufficient to compensate for downstream drift (i.e., migration s. str.), is not confirmed for the North American gerrid, Aquarius (named as Gerris in original paper) remigis (Fairbairn, 1985) , in which the apterous adults inhabit running waters. The terrestrial dispersal of semiaquatic bugs seems to be generally of very little importance (Andersen, 1995; Bowdan, 1978) . However, it seems to be important for the water cricket V. caprai.
The longevity of V. caprai, noted by Ditrich & Papá ek (2008) , is confirmed by the field mark-recapture study. TABLE 3. Results of the mark-recapture field experiment. N -number of specimens marked at the beginning of the experiment; Orig -Number of marked specimens found at the original sites; Down -number of marked specimens that were found downstream from the original site; Up -number of migrants that were found upstream from the original site; IWB -number of migrants that were found in isolated water bodies.
Some adults, marked in autumn 2007, were still alive in autumn 2008, sexually active and ready to overwinter a second time. Longevity and terrestrial dispersal might be connected. The relatively rapid dispersal by flight in most gerrids is replaced by the surely slower terrestrial dispersal in V. caprai. It is possible that some individuals can spend a couple of months dispersing over land and breeding in a new site almost two years after eclosion.
The factors inducing terrestrial dispersal in V. caprai, or a period spent living on land and its duration, remain unknown. This study indicate that the occurrence on land of this species is not necessarily for sexual reasons, or because of intraspecific competition (cf. Erlandson, 1993) , or for oviposition, or for spending periods quiescent during winter or summer (see Ditrich & Papá ek, 2008 , 2009 ).
